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Abstract
Ecological interactions, such as facilitation among plant species, has been identified as key 
for restoration actions. The stress-gradient hypothesis predicts that facilitation increases 
under harsh environments, but disturbance type and nurse shrub characteristics may modify 
this prediction. We aim at assessing the effect of two interacting factors (herbivory pressure 
and light availability) and palatability of the nurse shrub on the importance of nurse effect 
for active restoration of mixed evergreen forests of northern Patagonia (Argentina) for sil-
vopastoral use. We planted Austrocedrus chilensis seedlings under two silvopastoral use 
intensities (higher and lower according to livestock seasonal movements) and under three 
micro-site treatments (palatable shrub, non-palatable shrub, inter-canopy), and evaluated 
survival and growth during three consecutive years. Under higher use intensity (increasing 
stress of light availability as desiccation risk and herbivory) we found contrasting effects of 
the nurse effect on seedling survival and growth, but the palatability of nurse shrub had no 
effect. Under higher use intensity, seedling survival was lower, while growth was higher. 
Higher values of seedling survival were found under low use intensity inter-canopy micro-
site. Under high use, the presence of a nurse shrub is important for summer seedling sur-
vival, indicating its role in avoiding desiccation. The same occurred for winter seedling 
survival, where a nurse shrub may decrease mainly trampling risk. We highlight the impor-
tance of considering the interaction between disturbance factors for the net outcome of the 
nurse effect in active restoration actions, as it may allow for diverse actions to restoration.
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Introduction

Understanding the role of positive interactions among plant species has been identified 
as a key element for planning restoration actions (Gómez-Aparicio 2009; Barbosa and 
Asner 2017). Plants may compete for scarce resources but may also facilitate their neigh-
bors through grazing protection and/or micro-climatic regulation such as shading. The 
stress-gradient hypothesis (SGH) predicts that the prevalence and strength of facilitative 
and competitive interactions varies inversely along a given stress gradient, with facilita-
tion expected to be more common under higher than lower abiotic stress conditions (Bert-
ness and Callaway 1994). For example, the nurse effect (facilitation of one species on the 
regeneration of another) has been found as a key mechanism for plant regeneration in harsh 
environments (Soliveres and Maestre 2014). Moreover, the use of the SGH frameworks 
is useful to predict potential interaction outcomes under two or more disturbances. In this 
sense, recent empirical research shows that the predictions of SGH may also depend on 
the type of stress (i.e. biotic or abiotic) and on the characteristics of the interacting species 
regarding the analyzed stress (i.e. palatable or non-palatable when grazing is considered as 
biotic stress) (Soliveres and Maestre 2014; Brooker et al. 2008; Maestre et al. 2009; Soli-
veres et al. 2011).

The consideration of more than one disturbance is a valuable aspect of the SGH, as 
environmental stresses are known to be complex, where sometimes biotic (i.e. herbivory) 
and abiotic (i.e. light availability) factors interact and the final balance of species interac-
tion outcome will depend on the response of the interacting species (Smit et al. 2007). For 
example, for herbaceous species it has been proposed that if interacting species respond 
similarly to the abiotic stress, the negative effect of herbivory pressure may diminish with 
the increase of the abiotic stress (i.e. summer desiccation). In such cases, the importance 
of the nurse effect will be diminished (Smit et  al. 2009). Moreover, the performance of 
a beneficiary in the presence of a benefactor (nurse) may also vary depending on certain 
characteristics of the beneficiary species (Maestre et al. 2009; Smit et al. 2009; Navarro-
Cano et al. 2019). For example, under a stress factor of herbivory pressure, the nurse effect 
of non-palatable species on the regeneration of palatable species is well recognized, as it 
diminishes trampling and browsing risk (Vandenberghe et  al. 2009; Peláez et  al. 2019). 
Yet, the interaction between disturbance intensity and species characteristics in the extent 
of the nurse effect is less understood (Soliveres and Maestre 2014).

Considering how multiple stressors influence species interactions stands out as a key 
research need to understand the consequences of land-use changes on community struc-
ture and functioning (Beauchesne et  al. 2021). Silvopastoral production, a common type 
of land-use in temperate forests (i.e. Patagonian forests), commonly consists of a complex 
interaction of two disturbances which are deliberately integrated: extensive cattle grazing 
and wood and timber extraction. When the regeneration of canopy species is analyzed, 
the nature of silvopastoral disturbance involves two different mechanisms: abiotic stress 
through a bottom-up mechanism where summer droughts increase desiccation risk, and 
biotic stress through a top-down mechanism driven by cattle browsing and trampling (Peri 
et al. 2016; Gordon et al. 2018). The complexity of this land-use stems from the fact that 
the nature and magnitude of stress factors on individuals and populations depend on spe-
cies-specific responses (Beauchesne et al. 2021). For example, light availability may be a 
limiting resource for understory vegetation under closed canopy forests or a stress factor 
under high irradiation conditions in open canopy forests if species require nursing from 
others. In Patagonian temperate forests, the combined effect of both stress factors increases 
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understory biodiversity and modifies community composition and ecosystem function-
ing (Chillo et al. 2018), but little is known about how these changes influence ecological 
interactions, an understudied consequence of land-use change. In particular, regeneration 
of Austrocedrus chilensis (D. Don) Pic. Serm. & Bizzarri (cordilleran cypress) naturally 
occurs in small gaps or even under closed canopy (Veblen et al. 1995; Dezzoti 1996; Amo-
roso and Larson 2010), and saplings are browsed by cattle (Blackhall et al. 2008).

In this sense, nurse effect has been recognized as crucial for the establishment and 
growth of A. chilensis seedlings, as it decreases water stress from evapotranspiration in dry 
summers (Kitzberger et al. 2000; Letourneau et al. 2004; Nuñez et al. 2009). But higher 
light availability may also represent higher resource availability. Thus, the combined 
effect of both stress factors on plant facilitation is still unclear. In Northwestern Patagonia 
(Argentina), livestock integrated into forest represents the greatest land-use (Amoroso et al. 
2021). In situations where silvopastoral use has determined strong changes in forest struc-
ture, compromising the regeneration and future perpetuity of the resource, it is necessary to 
consider the implementation of active restoration practices to guarantee the establishment 
of regeneration (sensu Rey Benayas et al. 2009; Jones 2013). Although there are numerous 
experiences of active restoration of A. chilensis in pure and mixed forests after fires and 
high-grading (Oudkerk et  al. 2003; Rovere 2008; Urretavizcaya et  al. 2018, 2017, 2015; 
Urretavizcaya and Defossé 2019; Caselli et al. 2020), many aspects are unknown about for-
est active restoration under silvopastoral use.

Our main goal is to assess the effect of a complex land-use (i.e- silvopastoral use) on the 
relative importance of the nurse effect for active restoration of A. chilensis timber resource 
in mixed A. chilensis and Nothofagus dombeyi (Mirb) Blume forests in northern Patagonia, 
Argentina. To do so, we evaluated the nurse effect of shrubs of different palatability on the 
survival and growth of A. chilensis seedlings planted under two silvopastoral use intensi-
ties. First, we hypothesize that different silvopastoral use intensities modify the balance of 
the facilitative interaction (nurse effect), being more important under higher disturbance 
intensity. But this relationship will vary based on the palatability of the benefactor species. 
Thus, we predict that A. chilensis seedlings will experience higher survival and growth 
beneath a nurse shrub in higher than in lower silvopastoral use. Second, we hypothesize 
that under increasing abiotic stress (desiccation risk), the biotic stress factor (herbivory 
pressure) will be less important. We predict that under higher silvopastoral use intensity, 
there will be no effect of the nurse shrub palatability on survival and growth of A. chilensis 
seedlings.

Methods

Study area

We studied understory plant communities in mixed forest of A. chilensis and N. dombeyi 
of north-western Patagonia, in El Manso river basin region (Río Negro, Argentina). These 
forests are characterized by a dense stratified evergreen canopy cover (> 90%) with trees 
up to 30 m high. The relative dominance of the main species changes based on landscape 
factors such as soil depths, slope and exposure (Amoroso et al. 2018). Climate is character-
ized by cold wet winters and mild dry summers, with mean annual temperature of 9.3 °C 
and mean annual precipitation of 900 mm. In this area, summer is considered a dry sea-
son, as evapotranspiration deficits occur all through summer (Madariaga 2019). Soils are 
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Andisols with deep profiles containing volcanic ash. This soil type enables the occurrence 
of the forest, as it stores moisture from the rainy season (winter) and releases it throughout 
the dry season (summer).

The traditional cattle production system in these forests consists of moving cattle sea-
sonally through different elevations and forest types (Cardozo 2014). In particular, during 
summer cattle are moved to highlands, while during winter cattle returns and remains in 
middle and lowlands dominated by mixed evergreen forests. Within the forest, cattle graze 
mainly in open canopy areas (< 50% cover) generated by partial and selective wood and 
timber extraction. These open areas are known as high silvopastoral use intensity, hereafter 
“high use” sites (Fig. 1). These high use sites represent sites with the highest livestock and 
logging intensity use found within the forest. The canopy of the surrounding forest is partly 
closed (50–90% cover) as less timber extraction occurs. These areas are less used by cattle 
and are known as low silvopastoral use intensity, hereafter “low use” sites (Fig. 1). These 
low use sites could be considered as the lowest use within the mixed evergreen forests; 
lower use areas can be found but far away and in other forest types. During summer cattle 
are moved to deciduous highland forests and, thus, no herbivory pressure occurs in middle 
and low-land mixed evergreen forests during the growing season. Thus, the use intensity 
represents a complex land-use where two stress factors interact: herbivory pressure through 
a top-down mechanism, and light availability through a bottom-up mechanism (see Arias 
Sepúlveda and Chillo 2017; Amoroso et al. 2018 and Chillo et al. 2018 for further details 
of sites characteristics).

Experimental and sampling design

Within this complex land-use system, we established an experimental design with two 
treatments (Fig. 1): (A) Silvopastoral use intensity, to evaluate the effect of silvopastoral 
use intensity on the nurse effect of shrubs on A. chilensis seedlings growth and survival; 

Fig. 1   Schematic representa-
tion of the experimental design 
with two levels of analysis: use 
intensity and micro-site. Sites 
are mixed forests of A. chilensis 
(light grey canopy) and N. 
dombeyi (dark grey canopy) 
under low (1) and high (2) use 
intensity. Micro-sites designed 
to evaluate nurse effect consisted 
of three treatments: P—planted 
seedling (in black) under palat-
able nurse shrub, I—planted 
seedling at the inter-canopy 
(open-condition, no nurse shrub), 
and N—planted seedling under 
non-palatable nurse shrub
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(B) Nurse shrub identity, to evaluate the role of palatability on the nurse effect on A. chil-
ensis seedlings growth and survival. The scale of analysis in this experimental design is 
the micro-site level, in order to assess the micro-site effect on A. chilensis seedling survival 
and growth.

Thus, within each silvopastoral use treatment (low and high use intensity), the experi-
ment was conducted at different micro-sites representing three levels of nurse shrub iden-
tity treatment: below canopy of a palatable shrub (P), below canopy of a non-palatable 
shrub (N), and the inter-canopy (open condition) without nurse effect (I) (Fig. 1). To select 
these micro-sites we searched for shrubs at least 1 m tall, of the most common and abun-
dant species in these forests (mainly Aristotelia chilensis, Schinus patagonicus and Loma-
tia hirsuta). The condition of palatable and non-palatable was determined based on the 
relative palatability of the species present at each site. Shrubs considered palatable were 
mainly Aristotelia chilensis, S. patagonicus and Myoschilos oblongum (Gowda et al. 2014). 
S. patagonicus is considered a moderately palatable species (Blackhall et al. 2015), and it 
was chosen only when Aristotelia chilensis was absent. Non-palatable shrubs were mainly 
L. hirsuta and Berberis sp., and sometimes Rosa rubiginosa (Gowda et al. 2014). R. rubigi-
nosa is an exotic and highly invasive thorny shrub and it has been recognized as a key 
nurse shrub for A. chilensis seedlings in sites under high livestock pressure (Svriz et  al. 
2013).

In spring (September) 2017 we planted 204 seedlings of A. chilensis. Seedlings were 
1  year old and 5–10  cm tall, produced in a local nursery with seeds from Lago Puelo 
National Park (70 km from the study site). A total of 33 seedlings were assigned to two of 
the three nurse shrub identity treatments (P and N below canopy levels) at each silvopas-
toral use intensity (two levels). For the inter-canopy without nurse effect treatment (I) 36 
seedlings were established only under the high use intensity treatment as high mortality 
was suspected; while under low use intensity 33 seedlings were established in the inter-
canopy treatment. Seedlings were planted in groups of 3–6 individuals, at least 20 m apart 
from each other, based on the spatial variability and nurse shrub availability of each stand. 
Stands were separated at least 100 m from each other, or by a geographical feature (i.e. 
creek, steep slope, etc.). In both P and N treatments the orientation of the seedling in rela-
tion to the plant was the same (southwest), and seedlings were planted close to the main 
branch of the shrub (10 cm approx.), always beneath the canopy. Seedlings were revisited 
two weeks after planting to evaluate planting failure.

Seedling survival and growth were evaluated during three consecutive years. Seedling 
survival was evaluated at the end of the growing season (March) for the first 3 years (2018, 
2019 and 2020) and at the end of the winter (September) for the first 2 years (2018–2019). 
Due to seasonal movements of cattle, middle and lowlands rest from herbivory pressure 
during summer. By measuring seedling survival after the growing season, we expect to 
assess survival to drought and desiccation, as summer corresponds to the dry season and 
cattle is not present. By measuring seedling survival at the end of the winter we expect to 
assess survival to herbivory pressure. Seedling growth in height (mm) and diameter at the 
root collar (RCD, mm) was measured at the end of the growing season (March). Measures 
were taken with a digital caliper (Apogee Instruments, USA). Growth by the end of the 
growing season was then calculated by subtracting the growth of each year to the value of 
the previous year.

To characterize micro-site conditions we measured light condition and soil moisture 
every time growth was measured. Light condition was registered with a 50 cm long cep-
tometer (Apogee Instruments, USA) containing five light sensors. A mean measure of 
PAR income of the 5 sensors is provided, allowing the inclusion of the high micro-site 
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variability of the measure. Two readings of PAR income registered by the ceptometer were 
taken 10 cm apart from each other, at 30 cm from the soil, on top of each seedling, and the 
mean value of those readings was used. At each silvopastoral use intensity, light condition 
readings were taken at midday of the same day, on sunny days (i.e. cloudy days where 
avoid). Together with light condition readings, soil moisture at the seedling micro-site was 
registered with a Decagon ProCheck S2 sensor that provides instant humidity readings at 
10 cm depth. The correlation between micro-site light (log transformed) and soil moisture 
was evaluated with the Pearson correlation coefficient. As both measures were correlated, 
we decided to use light conditions for further analyses (Fig. S1).

Statistical analyses

The effect of silvopastoral use intensity, nurse shrub identity (P, N, I), and micro-site light 
availability (only for summer) on seedling survival was evaluated for each season using 
generalized linear mixed models, considering a binomial distribution of the variables. 
All factors were considered as fixed effects, stand (group of planted seedlings) was con-
sidered as random effect factor and models with and without interactions were built. A 
multi-model inference was used considering the Akaike Information Criterion (AIC) and 
ANOVA analyses using chi-squared test. The best fit model was chosen based on the lower 
AIC and the significance of the difference between models. Further, when a best fit model 
showed interactions between categorical factors (i.e. intensity and micro-site), the differ-
ence between levels of the factors was analyzed based on a posteriori Tukey test. The effect 
of silvopastoral use intensity, nurse shrub identity (I, N, P) and micro-site light availability 
on seedlings growth rate (final RCD and height—initial RCD and height) was evaluated for 
each growing season using generalized linear models, considering the normal and gamma 
distribution of the variables, and stand as random factor. Analyses were performed using 
glmer() function in R software (The R Development Core Team 2017). FA multi-model 
inference was used considering the Akaike Information Criterion (AIC) and ANOVA anal-
yses using chi-squared test. The best fit model was chosen based on the lower AIC and the 
significance of the difference between models. Relative importance values of all analyzed 
variables were calculated with the importance() function in the MuMin package, where 
the Akaike weights are summed between all models for each explanatory variable (Bartón 
2019).

Results

At the micro-site level, light and soil moisture were correlated (first summer r = − 0.22 
p = 0.004; second summer r = − 0.25 p = 0.003; third summer r = − 0.29 p = 0.009), thus 
we decided to keep micro-site light availability for further analysis because it showed 
higher variability between treatments (Figs. S2, S3). Overall, by the end of the experi-
ment, more seedlings survived under low than high silvopastoral use intensity (Fig. 2). 
When comparing the nurse effect, the best fit model for survival success varied between 
seasons (winter and summer) and years since establishment. Silvopastoral use intensity 
was a significant explanatory variable at every season, followed by nurse shrub identity 
(I, N, P) and light availability (Table 1, Fig. 2). Seedling survival to the first and second 
summer, and second winter also showed a significant interaction between intensity and 
micro-site (Table 1). Specifically, for the first and second summer, seedlings planted in 
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high use intensity inter-canopy micro-site showed significantly less survival than seed-
lings planted in high use under nurse shrub protection (both P and N) and in low use 
inter-canopy micro-site (Tables S1, S2, and Fig. 2). Third summer showed an interac-
tion between intensity and light, but as light is a continuous factor we were not able to 
perform a posterior test. Finally, and after the second winter, seedlings planted in high 
use inter-canopy micro-site showed lower survival than seedlings planted in high use 
under nurse shrub protection (both P and N). Moreover, seedlings planted in high use 
palatable shrub micro-site showed lower survival than seedlings planted all three micro-
sites (I, N, P) under low use intensity (Table S3, Fig. 2).

Fig. 2   Number of surviving planted seedlings of A. chilensis through a three consecutive summers (2017–
2020) experiment. Plantation: represents plantation survival, as it shows the number of surviving seedlings 
two weeks after plantation. HI: high silvopastoral use intensity, LO: low silvopastoral use intensity, I: seed-
ling planted in the inter-canopy micro-site, N: seedling planted under a non-palatable nurse shrub micro-
site, P: seedling planted under palatable nurse shrub micro-site. Significant differences are highlighted with 
a symbol above bars: *means differences between use intensities, #means differences between use intensi-
ties and micro-site

Table 1   Model selection for survival success of A. chilensis planted seedlings

AIC values are shown and best fit models are highlighted in bold
Int: silvopastoral use intensity, Ms: micro-site treatment, Light: micro-site light availability

First summer First winter Second summer Second winter Third summer

Int 160 120.5 74.4 92.7 51.3
Ms 159.2 125.2 65.1 89.1 48.5
Light 160.8 – 74.4 – 51.3
Int:Ms 135 127.1 59.3 86.6 52.1
Int:Light 146.1 69.2 24.4
Ms:Light 156.4 63.2 29.2
Int:Ms:Light 139.5 56.1 35.9
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Seedling growth in RCD and height was mainly determined by silvopastoral use 
intensity during the first 2 years. Best fit model for growth in RCD in the first summer 
was a null model, with low importance of explanatory variables, while growth in height 
was higher under high use intensity (Fig.  3, Table 2). After the second summer, both 
growth in RCD and height were higher under high silvopastoral use intensity (Fig. 3).

Micro-site light availability showed an importance value of 0.45 and 0.51 for growth 
in RCD and height respectively, although it was not selected as the best fit model 
(Table 2). In the third summer, the best fit model for growth in RCD included silvopas-
toral use intensity, while growth in height was explained by silvopastoral use intensity, 
nurse shrub identity (I, N, P), micro-site light availability and the interaction among 
them (Fig. 4, and Table 2).

Fig. 3   Growth in diameter at collar (RCD) and height of planted seedlings of A. chilensis after the first and 
second summer since seedling plantation
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Table 2   Relative importance of each predictor variable for general models of growth of A. chilensis planted 
seedlings (RDC and height) for three consecutive summers

Relative importance values are calculated from the sum of the ‘Akaike weights’ over all models which 
include explanatory variables

First summer Second summer Third summer

RDC Height RDC Height RDC Height

Intensity 0.34 1 0.99 1 1 1
Light 0.3 0.39 0.51 0.45 0.39 1
Micro-site 0.24 0.23 0.22 0.19 0.98 1
Intensity:Light 0.03 0.16 0.2 0.17 0.1 1
Micro-site:Light 0.01 0.02 0.11 0.01 0.12 1
Intensity:Micro-site 0.09 0.05 0.02 0.02 0.25 0.99
Intensity:Micro-site:Light 0.01 0.01 0.01 0.01 0.01 0.99

Fig. 4   Growth in diameter at collar (RCD) and height of planted seedlings of A. chilensis after the third 
summer since seedling plantation. I: seedlings planted at the inter-canopy (open condition), N: seedlings 
planted under a non-palatable shrub, P: seedlings planted under a palatable shrub
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Discussion

The nurse effect has been recognized as a key factor for restoration actions in harsh envi-
ronments (Gómez-Aparicio 2009). Specifically, several studies have shown its impor-
tance for the survival of A. chilensis seedlings in active restoration actions in forest sub-
ject to extreme logging, fire and forest decline (Urretavizcaya and Defossé 2019, 2013). 
The SGH hypothesis predicts that facilitation effect increases under harsh environments, 
but the nature of the disturbance and the palatability of the nurse shrub may modify this 
prediction. Here we show how the complex nature of silvopastoral land-use can modify 
the effectiveness of the nurse effect on the survival and growth of planted seedlings after 
three growing seasons. Under increasing stress of both disturbances (desiccation risk and 
herbivory pressure), we found higher survival but lower growth rate of planted seedlings 
under nurse shrub, while being palatable or non-palatable had no significant effect.

Here we evaluated a complex disturbance of an abiotic stress driven by light availabil-
ity, which can be seen as a stressful factor for plant growth and survival in both extremes 
of the gradient, from low photosynthetic radiation up to desiccation due to high radiation. 
For example, the regeneration of certain shade-intolerant canopy species and depend on 
the development of forest gaps for establishment, while for other species seedling survival 
increases as radiation decreases (Veblen 1989; Sack 2004; Rodríguez-García et al. 2011; 
Bannister et  al. 2013; Caselli et  al. 2021). To add complexity to this bottom-up mecha-
nism, light requirements and drought tolerance of tree species can be different through the 
ontogeny (Niinemets 2010). Moreover, this disturbance interacts with a biotic stress due to 
herbivore pressure, which is low in closed canopy stands and higher in open canopy stands, 
as well as understory vegetation cover (La Manna et al. 2008; Chillo et al. 2018). Our con-
trasting results for seedling survival and growth due to this complex disturbance interaction 
do not allow us to fully accept our first hypothesis. We predicted that A. chilensis seedlings 
will experience higher survival and growth beneath a nurse shrub in high than in low sil-
vopastoral use. We found that under high use intensity (lower canopy cover), the presence 
of a nurse shrub is always important for summer seedling survival, probably indicating 
the importance of the nurse shrub to avoid desiccation (Gómez-Aparicio et al. 2004). The 
same occurred for winter seedling survival under high use intensity, where the presence 
of a nurse shrub may decrease trampling risk. But contrary to our prediction, height and 
diameter growth was higher at the inter-canopy (open condition) than under a nurse shrub, 
and higher under high than low use intensity, probably due to higher light availability.

When considering A. chilensis seedling growth, we found a positive effect of increas-
ing light availability due to canopy opening as found in other local studies (Gobbi and 
Schlichter 1998; Losada Palenzuela et al. 2018; Caselli et al. 2021). This increase in light 
availability is also known to favor understory species richness and abundance, especially 
of colonizing and fast-growing herbs (Arias Sepúlveda and Chillo 2017). Interestingly, our 
results showed that this increase in understory vegetation cover does not diminish A. chil-
ensis planted seedlings growth. Similar results were recently found by Caselli et al. (2021), 
when neighboring herbaceous vegetation was considered. Moreover, in our study site lower 
canopy cover also implied higher herbivory pressure. Silvopastoral use is a land-use which 
generates open canopy stands where livestock browsing negatively affects sapling density 
and architecture (Veblen et al. 1992; Relva and Veblen 1998; Blackhall et al. 2008). But 
these open canopy stands also present higher light availability, a key limiting factor for 
plant’s growth in dense canopy forests (Peri et al. 2016). For the natural regeneration of A. 
chilensis under silvopastoral use, the output of the interaction of these contrasting stress 



New Forests	

1 3

factors is not straightforward, mainly because cattle is moved to other areas during sum-
mer, allowing a growing season without high herbivory pressure (Amoroso et  al. 2018). 
This seasonal livestock movement that characterizes silvopastoral use in the study area 
(Chillo et al. 2021) may be a key issue that prevents failure of active restoration practices 
under chronic impacts (Ashton and Kelty 2018).

We found that, when considering the nurse effect for active restoration, complex inter-
actions between disturbances with different mechanisms are reflected in different ways 
for seedling survival than for growth. For example, in Mediterranean climates it has been 
found that nurse shrubs favors seedling survival and growth of less-drought tolerant spe-
cies. But in harsh environments, when the disturbance level was higher, competition for 
resources between nurse shrubs and seedlings led to a positive effect on survival but not on 
growth (Gaviet et al. 2016). Also, in temperate forest with dry summers, when the interac-
tion of two disturbances was analyzed (drought stress and herbivory), a negative effect of 
nurse shrub was found when abiotic conditions were increased (i.e. drought), while the 
benefit for herbivory protection was subject to the type of herbivory and the abiotic con-
dition (Guignabert et al. 2020). Accordingly, our results show how seedlings can experi-
ence lower survival and higher growth rates under higher silvopastoral use intensity, and 
although the nurse effect increases survival, it also negatively affects growth. The positive 
effect of nursing on A. chilensis regeneration had been recognized to vary based on the 
stress factor. For example, in the arid extremes of its distribution, the nurse effect is impor-
tant to diminish water stress and its positive effect is higher than the potential competition 
of the nurse on saplings (Kitzberger et al. 2000; Nuñez et al. 2009). In more mesic condi-
tions, alternatively, there is a negative effect of the nurse shrub on A. chilensis seedlings 
due to higher damage by arthropod´s herbivory (Caccia et al. 2009). In this sense we high-
light how the complexity of the stress gradient is a key factor for nurse effect in restoration 
actions, besides the ontogeny of the beneficiary and the characteristics of the benefactor 
(Smit et al. 2007; Nuñez et al. 2009; Svirz et al. 2013; Anthelme et al. 2014).

Regarding the effect of the palatability of the nurse shrub, we hypothesized that under 
increasing abiotic stress, the biotic stress factor will be less important, and our results sup-
port our hypothesis. Although the presence of the nurse shrub was a key factor under high 
use intensity, whether the shrub was palatable or non-palatable did not have an effect on 
seedling survival. When considering the abiotic stress factor (light availability), nurse 
shrub identity has been recognized as important for seedling survival to summer desic-
cation in the more arid extreme of the A. chilensis distribution (Kitzberger et  al. 2000). 
Also, when considering herbivory pressure, nurse shrub characteristics may modify the 
frequency and intensity of cattle browsing (Svriz et al. 2013). We found that the presence 
of a nurse shrub increases seedling survival during the first two summers after implanta-
tion, and negatively affects growth in diameter at the collar and in height during the third 
year after implantation. But these effects were not significantly different between palatable 
and non-palatable shrubs. These results may show that, in our study sites, disturbance due 
to cattle herbivory pressure is not as important as light availability pressure under both 
silvopastoral use intensities. But also, these results go in agreement with recent findings 
that when complex disturbance interactions are analyzed, an increase in the abiotic stress 
factor may determine facilitation outcome due to competition for limiting resources; and 
the effect of the biotic stress may mainly depend on the type of herbivory and the plant 
ontogeny (Niinemets 2010; Gavinet et al. 2016; Guignabert et al. 2020).

Finally, our results highlight the importance of considering the ecological mechanism 
behind the analyzed disturbance when planning active restoration actions, as it determines 
the effect of disturbance on forest regeneration. For example, in tropical forest cattle can be 
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used for forest restoration as it diminishes seedling competition with grasses. Also, nurse 
shrubs are recognized to diminish grasses growth due to shading (Posadas et  al. 2001; 
Ibanez and Hart 2020). In this case, a top-down mechanism of herbivory pressure on domi-
nant grasses was determining restoration results. In our case study at temperate forest, with 
the same disturbance effect (cattle grazing and browsing) a bottom-up mechanism of light 
availability (favoring seedling growth but also increasing desiccation risk) seems to deter-
mine the results of active restoration for silvopastoral use.

Management implications

Our results have important restoration implications, and more importantly, allow for 
diverse actions to forest managers. Although the elimination of the disturbance would be 
ideal for restoration, the exclusion of livestock in a typical silvopastoral system of north-
west Patagonia is not a viable solution in the short term. Thus, here we evaluated the out-
come of active restoration actions such as planting without disturbance elimination, but 
rather considering alternatives for enchaining restoration success. If planting in the inter-
canopy (open condition) would be preferred given the higher (almost double) growth rates, 
planting density in these areas must be higher to compensate for lower seedling survival. 
Yet, given the spatial variability in these areas, planting under all micro-site conditions is 
suggested. Under a scenario of chronic disturbance (i.e. continuity of timber extraction and 
livestock seasonal movements), efforts must be put to guaranteeing initial seedling survival 
by planting, primarily, under the nurse effect of shrubs independently of their characteris-
tics (i.e. palatable or non-palatable). Additional actions would be required after 3 years in 
order to promote high growth rates by performing release cuttings of the seedlings by the 
manual removal of the nurse shrubs. If this last practice cannot be carried out, managers 
might consider increasing the number of seedlings and prioritize nurse-shrub conditions 
rather than the open condition even when future growth will be restricted.
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